Herpes simplex virus (HSV) adsorption to host cells is mediated, at least in part, by the interaction of viral glycoproteins with cell surface glycosaminoglycans such as heparan sulfate and chondroitin sulfate. To investigate the contribution of various cell surface components in the infection pathway, we isolated a mutant cell line, sog9, which is unable to synthesize glycosaminoglycans (B. W. Banfield, Y. Leduc, L. Esford, K. Schubert, and F. Tufaro, J. Virol. 69:3290-3298, 1995). Although HSV-1 and HSV-2 infection of sog9 cells is diminished, the cells are still infected at about 0.5% efficiency, which suggests that these cells normally express at least one nonglycosaminoglycan receptor. In this report, we used sog9 cells to test whether glycosaminoglycan analogs, such as dextran sulfate (DS), could functionally substitute for cellular glycosaminoglycans to initiate HSV infection. We show that high-molecular-weight DS added either prior to or during inoculation stimulated HSV-1 but not HSV-2 infection by up to 35-fold; DS added after viral adsorption had no effect on infection efficiency. Moreover, DS stimulated HSV-1 infection at 4؇C, indicating that this compound impinged on an early, energy-independent step in infection. Using radiolabeled virus, we showed that HSV-1 is more efficient than HSV-2 in adsorbing to DS immobilized on microtiter wells. This raised the possibility that only HSV-1 could engage additional receptors to initiate infection in the presence of DS. To determine which viral component(s) facilitated DS stimulation, a panel of intertypic recombinants and deletion mutant viruses was investigated. These assays showed that DS stimulation of infection is mediated primarily by gB-1. Thus, this study provides direct evidence that a principal role for cell surface glycosaminoglycans in HSV infection is to provide an efficient matrix for virus adsorption. Moreover, by using DS as an alternative adsorption matrix (a trans receptor), we uncovered a functional, type-specific interaction of HSV-1 with a cell surface receptor.
The two serotypes of herpes simplex virus (HSV), HSV-1 and HSV-2, have a broad in vitro and in vivo host range, being capable of infecting a variety of cell types from different animal species. In the human host, however, HSV-1 preferentially infects the oral mucosa, while HSV-2 infection is predominant in the genital mucosa. Several lines of evidence suggest that there are differences in the entry pathways for HSV-1 and HSV-2, which may account, in part, for the different behaviors of these closely related viruses.
HSV entry into permissive cells is a multistep process involving interactions between virion envelope glycoproteins and components of the host cell surface. The initial interaction of HSV-1 and HSV-2 with cells is adsorption to highly sulfated cell surface glycosaminoglycans, such as heparan sulfate (10, 14, 16, 32, 43) and dermatan sulfate (3, 42) . The evidence for this stems from experiments showing that cells devoid of glycosaminoglycans are less susceptible to HSV infection (2, 14, 43) , that binding of virus to cells is competitively inhibited by soluble heparin, and that HSV-1 glycoproteins gB-1 and gC-1 (16, 17) can adsorb to heparan sulfate, as can the HSV-2 glycoproteins gB-2 (42) and gC-2 (11). For both viruses, there appear to be additional nonglycosaminoglycan receptors that facilitate a productive infection. In this regard, it has been shown that sog9 cells, which do not produce any cell surface glycosaminoglycans, retain partial susceptibility to HSV infection (2) . It has also been shown that swine testis cells, which comprise a seemingly normal complement of glycosaminoglycans on their cell surface, are strongly resistant to infection (36) , and that polarized epithelial cells display both heparan sulfate-dependent and -independent receptors on their surface (30) . Attempts to identify receptors for HSV have yielded several candidate molecules, including mannose-6-phosphate receptors (4, 5) , which can be present on the cell surface. In another approach, Montgomery and colleagues have isolated genes that confer HSV susceptibility to CHO cells, which are normally refractory to infection (26) .
Although both HSV-1 and HSV-2 bind heparan sulfate, it is apparent that the viruses recognize type-specific cell surface receptors. For example, binding of HSV-1, but not HSV-2, to synaptosomes can be blocked by exposure to HSV-1 (41) . Similarly, a temperature-sensitive HSV-1 mutant, ts1204, which is defective in cell penetration at the nonpermissive temperature, can block entry of wild-type HSV-1, but not HSV-2 (1). In so far as these experiments use whole virions as competitors, it is difficult to draw conclusions regarding the nature of the interference. Using another approach, it has been shown that neomycin and polylysine can inhibit HSV-1 but not HSV-2 infection of BHK cells (22) (23) (24) . Neomycin inhibits HSV-1 infection by competing with gC-1 for binding heparan sulfate glycosaminoglycans, which suggests that gC-1 and gC-2 recognize different moieties on cell surface heparan sulfate (16) . The differ-ences in sensitivity to inhibition were shown to reside in the N-terminal 223 amino acids of gC-2, which appears to confer resistance to neomycin inhibition of infection (29) . It is also becoming evident that the contributions of gB and gC to viral binding may be different for HSV-1 and HSV-2. HSV-1 gC, although not essential for infection, enhances virus adsorption and, therefore, infection (17) . In the absence of gC-1, gB-1 mediates the binding of gC-negative virus to the host cell surface (16) . By contrast, HSV-2 glycoprotein C does not appear to play a predominant role in viral adsorption, because it has been shown that gC2-negative virions can bind to the cell surface as efficiently as wild-type HSV-2 (11). Thus, although HSV-1 differs from HSV-2 in its initial interaction with the cell surface, the precise mechanism by which this occurs remains largely unknown.
As part of a broad study to investigate the HSV infection pathway, we previously uncovered a functional difference between HSV-1 and HSV-2 in their ability to engage a nonglycosaminoglycan cell surface receptor. In sog9 cells, which do not express any cell surface glycosaminoglycans, we were able to enhance HSV-1 but not HSV-2 infection by adding dextran sulfate (DS) to the medium during infection (2) . These results were consistent with a model in which DS effectively substitutes for heparan sulfate as a matrix to initiate viral adsorption at the cell surface. This then promotes additional interactions between virion and host cell components to stimulate virus entry. In this report, we provide evidence for such a model and show that this ability maps to the presence of gB-1 in the virions, suggesting that gB-1 facilitates virus infection in this system by engaging a type-specific receptor.
MATERIALS AND METHODS

Materials.
The parental L cell used for all experiments was the clone 1D line of LMtk Ϫ murine fibroblasts. The procedure for the isolation of the mutant sog9 cell line was described previously (2, 14) . Cells were grown at 37ЊC in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS) in a 5% CO 2 atmosphere. HSV-1 strains F and MP and the HSV-1 intertypic recombinants RS1G25 (in which gC1 is replaced by gC2), R7015 (in which gD1, gE1, and gG1 are replaced by gD2, gE2, and gG2, respectively), and RH1G13 (in which gB1 is replaced by gB2) were generously provided by B. Roizman (University of Chicago, Chicago, Ill.). The HSV-1 strain UL10 Ϫ (which is deficient in gM) was also provided by B. Roizman. The HSV-1 gC Ϫ virus, HSV-1(KOS)⌬gC2-3, was provided by C. Brandt (University of Wisconsin, Madison). HSV-2(G)gC Ϫ , a gC2 deletion mutant, was provided by B. Herold (University of Chicago). HSV-2 strain G was obtained from S. Sacks (University of British Columbia, Vancouver, British Columbia, Canada). DS with a molecular weight (MW) of 500,000 (MW 500,000 DS) was from Pharmacia (catalog no. 17-0340-01). MW 5,000 (catalog no. D-7037), 15,000 (catalog no. D-3257), and 50,000 (catalog no. D8787) DS were from Sigma. All tissue culture reagents (Gibco) and dishes (Nunc) were from Canadian Life Technologies (Burlington, Ontario, Canada).
DS stimulation assays. Assays for DS stimulation of virus infection were performed on sog9 cells plated in 6-well dishes. The cells were pretreated with DS in DMEM for selected lengths of time prior to infection or inoculated with virus in DMEM previously mixed with DS. The cells preincubated with DS were rinsed three times with phosphate-buffered saline (PBS) prior to infection. After a 60-min viral adsorption period at 37ЊC, the inoculum was removed and the cells were washed once with PBS. The cells were then overlaid with DMEM containing 4% FCS and 0.1% pooled human immunoglobulin G (IgG) (initial protein concentration, 96%; ICN). Plaques were visualized and counted after 3 days by fixation and staining of the cells for 10 min with 5% methylene blue in 70% methanol.
Penetration assays. Confluent monolayers of sog9 cells growing in 6-well dishes were rinsed with PBS and incubated with 1 ml of 100-g/ml DS in DMEM at 4ЊC for 30 min. The wells were rinsed three times with PBS and inoculated with HSV-1 at 4ЊC for 30 min. The dishes were shifted to 37ЊC to allow penetration to proceed. At various times after the temperature shift, the wells were treated for 2 min with 2 ml of low-pH citrate buffer (40 mM sodium citrate, 10 mM KCl, 135 mM NaCl, pH 3.0). The monolayers were washed three times with PBS and overlaid with DMEM containing 4% FCS and 0.1% pooled human IgG. Alternatively, cells were inoculated with virus in the presence of 10 g of DS/ml in DMEM at 37ЊC. At various times, the virus was removed and the monolayers were washed with citrate buffer. Plaques were visualized and counted 96 h postinfection by fixing and staining the cells as described above.
Preparation of radiolabeled virus.
Monolayers of L cells were infected with HSV at a multiplicity of infection of 10. At 2 h postinfection, the medium was changed to methionine-free labeling medium (methionine-free DMEM: 0.1 volume of DMEM-10% FBS-4% dialyzed FBS-500 Ci of [ 35 S]methionine [ICN; 3,000 Ci/mmol] per ml). When a generalized cytopathic effect was evident, medium was removed from infected-cell monolayers and subjected to low-speed centrifugation to pellet cell debris. The supernatant was sedimented through a 30% sucrose pad formed in 50 mM NaCl-10 mM Tris (pH 7.8) for 2 h at 39,000 rpm in a Beckman SW41 rotor. Following centrifugation, the sucrose was removed by aspiration, and the virus pellet was suspended in PBS at 4ЊC. For determination of viral titers, a sample of virus was diluted serially with medium and used to inoculate monolayers of Vero cells growing in 6-well dishes. Plaques were scored after 3 days.
Binding of HSV to immobilized DS. We used a modified protocol by Leong et al. (25) to examine binding of HSV-1 and HSV-2 particles to immobilized DS. Nunc Maxi-Sorp 96-well microtiter dishes were coated with 50 l of PBS containing 5 mg of DS. The dishes were incubated overnight at 4ЊC. The wells were rinsed twice with PBS and then blocked for 2 h in 3.5% bovine serum albumin (BSA) in 50 mM Tris (pH 7.5)-100 mM NaCl-1 mM MgCl 2 -1 mM MnCl 2 -1 mM CaCl 2 at 20ЊC. 35 S-labeled HSV was diluted in adsorption buffer (PBS, 0.1% glucose). The block was removed, and 50 l of virus was added to each well. The microtiter dishes were centrifuged for 15 min, 1,100 ϫ g at 4ЊC, and then rocked for 45 min at 20ЊC. The wells were washed three times with PBS, and the dishes were incubated for 10 min with 100 l of lysis buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate). The dishes were rinsed once more with lysis buffer; all rinses with lysis buffer were added to scintillation vials. The radioactivity associated with the immobilized proteoglycans was determined by liquid scintillation spectroscopy.
Time course experiment. sog9 cells grown in 35-mm-diameter dishes were inoculated with HSV-1 in DMEM containing 10 g of DS/ml and incubated at 37ЊC. Control dishes were infected with virus in the absence of DS. At different times postinoculation, virus was removed and 2 ml of DMEM with 4% FBS and 0.1% IgG was added to cells after the monolayers were rinsed with PBS. Plaques were counted 3 days postinfection.
RESULTS
HSV infection of the HSV-resistant mutant cell line sog9, which does not synthesize any cell surface glycosaminoglycans, is reduced by nearly three orders of magnitude relative to that of control mouse L cells (2) . These cells are still infectible, however, which provides compelling evidence for the existence of a nonglycosaminoglycan receptor for this virus. It was also shown that the susceptibility of sog9 cells to infection by HSV-1, but not HSV-2, could be enhanced by up to 35-fold with the addition of the glycosaminoglycan analog DS to the inoculum. We carried out a series of experiments to elucidate the mechanism by which DS stimulates HSV-1 infection and to identify the viral glycoproteins conferring type-specific enhancement of infection.
Effect of DS on HSV-1 infection. It has been shown previously that low concentrations of DS (300 ng/ml) in the inoculum can stimulate HSV-1 infection of sog9 cells, whereas high concentrations are inhibitory. Inhibition by DS is likely caused by the propensity of soluble DS to bind to virus in solution. To test whether DS-mediated inhibition of HSV-1 infection could be eliminated by treating cells with DS prior to inoculation, cell monolayers were incubated with DS for up to 60 min, rinsed, and incubated with virus for an additional 60 min (Fig. 1A) . HSV-1 infection was stimulated by more than 25-fold after only a few minutes of preincubation. Longer incubations up to 1 h did not significantly increase infection efficiency. To establish the optimum DS concentration for stimulation under these conditions, confluent monolayers of sog9 cells were treated with various concentrations of DS either before or during inoculation with HSV-1 (Fig. 1B) . Maximum infection efficiency (35-fold stimulation) was achieved by preincubating cell monolayers with low concentrations of DS. As expected, less stimulation was achieved with simultaneous DS treatment. We also determined that there was a size requirement for DS (data not shown). MW 5,000 DS and MW 15,000 DS were not active (less than twofold) in stimulating HSV-1 infection, whereas we observed up to 14-fold stimulation with MW 50,000 DS. MW 500,000 DS possessed the most stimulatory activity (up to 35-fold). It appears from these data that relatively-long-chain DS is required for the efficient stimulation of HSV-1 infection.
To assess the stability of DS on the sog9 cell surface, cell monolayers were treated with two different concentrations of DS for 10 min, incubated in medium for various times (pretreatment window), and then infected with HSV-1 (Fig. 1C) . With 10 g of DS/ml, stimulation declined rapidly as the length of the pretreatment window was increased, and by 2 h, stimulation was reduced to twofold over that of controls. However, DS stimulation persisted for up to 60 min when 100 g of DS/ml was used. At this concentration, maximal stimulation was achieved when the cells were treated 30 min prior to infection. We concluded that DS rapidly adsorbed to cells in an active form and was then inactivated by either dissociation, degradation, or both. To determine whether DS was toxic to cells, which could account for the loss of DS stimulation when cells were treated hours in advance of infection, cells incubated with DS 3 h prior to infection were treated a second time just before inoculation. DS stimulation was normal in these cells, which showed that DS pretreatment did not reduce cell viability or susceptibility to infection (data not shown).
Analysis of viral attachment in the presence of DS. On the basis of these results, it appeared that DS stimulated infection by binding stably to the host cell, where it acted as a matrix for subsequent virus adsorption and entry. This possibility was tested directly by experiments in which inoculation of cell monolayers with HSV-1 preceded DS treatment (Table 1 , experiments A, B, and C) or cells were incubated with DS before inoculation ( Table 1 , experiment D). These experiments demonstrated that DS did not affect virus already bound to the cell surface (experiment C), nor did it influence the internalization of bound virus (experiment A). Experiment B showed that DS did not influence virus once it had been internalized. Only in experiment D, in which cells were incubated with DS at 4ЊC prior to inoculation, was infection stimulated. We conclude from these results that DS stimulates HSV-1 infection only when it is present prior to or during viral inoculation and that this activity is energy independent.
We next determined that HSV could bind DS by incubating radiolabelled HSV with DS immobilized on microtiter wells. As a control for adventitious binding, virus was incubated with wells coated with BSA. In these experiments, substantially more HSV-1 bound to DS than to BSA (Fig. 2) . By contrast, HSV-2 bound relatively poorly to DS. These data are consistent with a model in which HSV-1, but not HSV-2, adsorbs more efficiently to sog9 cells in the presence of DS on the cell surface. This could account in part for the observation that only HSV-1 infection is stimulated by DS, as reported previously (2) .
To test whether HSV-1 infection was mediated by a saturable site on the host cell surface, sog9 cell monolayers were inoculated with HSV-1 in the presence or in the absence of DS for up to 6 h (Fig. 3) . In the absence of DS, virus infection continued to increase during the 6-h incubation, which suggested that saturation of cell surface receptors had not yet been achieved. To control for degradation and/or dissociation of DS during this incubation, we also performed an experiment (data not shown) in which fresh virus mixed with DS was added to cells every 2 h throughout the 6-h time course. The results FIG. 1. Effect of soluble DS on HSV-1 plaque formation. (A) sog9 cell monolayers were incubated with 10 g of DS/ml in DMEM at 37ЊC for various lengths of time prior to inoculation. Following removal of DS, the cells were inoculated with HSV-1 and incubated for 1 h at 37ЊC. Virus was removed, and DMEM containing 0.1% pooled human IgG was added to the monolayers. Plaques were counted after 3 days. Each datum point represents the average of two determinations. Results are ratios of plaque formation on DS-treated monolayers to that on control monolayers not exposed to DS. (B) sog9 cell monolayers were either (i) incubated with DS in DMEM for 10 min at 37ЊC prior to infection or (ii) inoculated with virus in the presence of various concentrations of DS. Equivalent concentrations of HSV-1 were used for both experiments. After a 1-h adsorption period at 37ЊC, the inoculum was removed and medium containing 0.1% pooled human IgG was added to the monolayers. Plaques were counted after 3 days. Results from at least two determinations were averaged and are ratios of plaques formed on DS-treated monolayers to plaques formed on untreated controls. Open circles, preincubation with DS; closed circles, infection with DS in the inoculum. (C) Monolayers of sog9 cells were incubated with 10 or 100 g of DS/ml in DMEM at 37ЊC for 10 min at different times prior to inoculation with HSV-1 (pretreatment window). The monolayers were rinsed three times with PBS after treatment with DS, following which the cells were either (i) incubated with DMEM at 37ЊC until infection or (ii) infected immediately after a 10-min pretreatment with DS in DMEM. The cells were rinsed once with PBS before a 1-h adsorption period at 37ЊC, and the inoculum was removed and replaced with DMEM containing 0.1% pooled human IgG. Plaque numbers were determined after 3 days. Data are ratios of plaque formation on DS-treated monolayers to that on control monolayers not exposed to DS.
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were nearly indistinguishable from the data shown. Our interpretation of these experiments is that in the absence of the primary cell surface glycosaminoglycan receptor, HSV-1 could not efficiently engage a downstream receptor. In the presence of DS, however, saturation was reached by 1 h of incubation with virus. Moreover, by 6 h, there was only a 3-Ϯ 0.5-fold difference between DS-stimulated and control infections in two experiments. These data are consistent with a model in which DS functions by either tethering HSV-1 to the cell surface, thereby accelerating its effective interaction with a saturable site, or facilitating the presentation of an HSV-1-specific receptor to the virion. To investigate whether DS exerted any effect on the rate of penetration, which might be suggestive of an alternative entry pathway, several penetration assays were performed. In one instance, virus was adsorbed to the cell surface in the presence or in the absence of DS at 37ЊC to allow for virus adsorption and entry. At various times, monolayers were washed with citrate buffer (pH 3.0) to inactivate extracellular virions, and the resulting plaques were counted after 3 days (Fig. 4A) . The adsorption-penetration rates for DS-treated and control cells were similar. In a variation on this assay, cells were pretreated with DS for 30 min at 4ЊC, rinsed, incubated with virus for 30 min at 4ЊC, and then incubated at 37ЊC. Monolayers were then treated with citrate buffer (Fig. 4B ). Once again, there was no significant difference in virus penetration between DS-treated and untreated controls. These results are consistent with a a For experiments A, B, and C, HSV-1(F) was allowed to adsorb to cells for 1 h at 4ЊC, followed by the indicated treatments. In experiment D, cells were incubated with 100 g of DS/ml for 1 h at 4ЊC prior to infection. For all experiments, the cells were rinsed once with PBS following removal of virus and three times after incubation with DS. All incubations were conducted for 1 h.
b Results are ratios of PFU obtained in the presence of DS to that obtained in the absence of DS. The averages of values from two independent experiments are shown.
model in which DS-mediated infection occurs via the normal entry pathway. High-molecular-weight DS is capable of adsorbing specifically to several cell surface receptors, including scavenger receptors. It has also been shown to stimulate endocytosis in certain cell types (38) and to block endocytosis by competing with other molecules for the endocytic machinery (12, 39, 44) . In an attempt to inhibit steps in endocytosis, we took advantage of observations that a low temperature blocks the movement of ligands between compartments of the endocytic pathway (13) . sog9 cells were treated with 100 g of DS/ml at 4ЊC for 30 min prior to infection with HSV-1 at 4ЊC for 30 min. The incubation temperature was then shifted to either 15ЊC, to inhibit steps in endocytosis, or 37ЊC (control) for 30 min. The results indicated that HSV-1 infection was stimulated by 20-fold at both temperatures (data not shown), which suggests that HSV-1 engages the normal entry pathway in the presence of DS.
Mapping the DS activation site on the virus. The observation that DS promoted HSV-1 but not HSV-2 infection provided strong evidence for the existence of an HSV-1-specific interaction with the sog9 cell surface. In an attempt to map the viral components that facilitate DS stimulation, sog9 cells were treated with DS either before or during inoculation with a panel of intertypic recombinants and deletion mutants ( Table  2 ; Fig. 5 ). DS was unable to stimulate (less than twofold) infection of the HSV-1 intertypic recombinant, RH1G13, in which gB-1 is replaced by gB-2, which indicated that DS stimulation is mediated, at least in part, by gB-1 (Fig. 5B and D) . By contrast, infection with RS1G25, an HSV-1 strain in which gC-1 is replaced by gC-2, was stimulated by DS, although by only five-to sevenfold. This implied a role for gC-1 in DSmediated infection, which was surprising because HSV-1 (KOS)⌬gC2-3, a gC-deficient HSV-1 strain, was stimulated by up to 20-fold (Fig. 5C) , similar to the maximal stimulation observed with wild-type HSV-1. One way to account for these results is the possibility that gC-2 was an inhibitor of DS stimulation. We tested this, using a gC-2-deficient HSV-2 strain, HSV-2(G)gC2 Ϫ , and found that it was stimulated by about eightfold (Fig. 5A and C) . This level of stimulation was substantially better than that for HSV-2. On the basis of these results, we conclude that gB-1 facilitates DS stimulation and that gC-2 may be a weak inhibitor of DS-mediated stimulation of infection. This property might account, in part, for the poor DS stimulation observed with RS1G25 and control HSV-2.
DISCUSSION
It has recently been reported that HSV-1 and HSV-2 display type-specific differences in their interactions with host cells. These differences include preference for binding to various cell types (40, 41) , binding to sulfated glycosaminoglycans (15) , and interactions with specific cellular components, such as the C3B receptor (6-9, 31, 34, 37) . In this study, we have uncovered an additional type-specific phenotype which involves the interaction of virions with host cell surfaces devoid of glycosaminoglycans. Moreover, this interaction is only evident following the exposure of host cells to long chains of the glycosaminoglycan analog DS. Because DS has been shown previously to interact FIG. 4 . Rates of HSV-1 penetration into sog9 cells in the presence and in the absence of DS. (A) Confluent monolayers in 35-mm-diameter dishes were inoculated with HSV-1 in the presence of 10 g of DS/ml at 37ЊC for 1 h. The monolayers were washed at various times with citrate wash buffer (pH 3.0), and the resulting plaques were counted. (B) sog9 monolayers were incubated with 100 g of DS/ml in DMEM for 30 min at 4ЊC. The monolayers were rinsed three times with PBS, and then the inoculum was added. Following a 30-min adsorption period at 4ЊC, the cells were transferred to a 37ЊC environment. At different times after the temperature shift, the monolayers were treated with citrate wash buffer. Results from single experiments are shown. The results are PFU surviving citrate treatment expressed as a percentage of the number of plaques obtained after 60 min of infection, which for each experiment was taken as 100%. Open circles, infection in the presence of DS; closed circles, infection without DS. 
HSV-2; gC-2 deficient ϩ R7015 HSV-1; gD-2, gE-2, gG-2 ϩϩ UL10Ϫ HSV-1; gM deficient ϩ HSV-1(MP) HSV-1; gC-deficient syncytial strain ϩ a Ϫ, stimulation of the prototype HSV-2 strain G, which varied from zero-to fourfold above that of controls in different experiments; ϩϩ, fold stimulation of the prototype HSV-1 strain F, which varied from 15-to 35- (43) . Heparan sulfate may also serve other functions as well, such as promoting efficient fusion of the virus with the host cell (33) . Because the structure of DS does not resemble that of the highly complex heparan sulfate molecule, it is unlikely that DS could provide more than a simple tethering function during infection. This may account, in part, for the inability of DS to completely restore wild-type levels of infection in the sog9 cells. Moreover, DS is not covalently linked to the host cell surface, which is likely to severely compromise its ability to stabilize HSV-1 virions that collide with the cell surface. What could account for the failure of DS to stimulate HSV-2 infection? There are several possibilities which must be considered. It is clear that DS stimulation of HSV-1 is mediated, at least in part, by gB-1 and that gB-2 is inactive in this capacity when it is present in an otherwise unperturbed HSV-1 virion. The role of gB-1 could be simply to interact with a distinct cellular receptor accessible to the virion at all times. This interaction is promoted when the virion is held in place even transiently by cell surface DS. If RH1G13, which contains gB-2 in an HSV-1 virion, can still interact with DS, then it is likely that access to the gB-2 receptor is not enhanced in this instance. gB-1 and gB-2 are highly conserved, with 86% amino acid homology. For the most part, regions that have been shown to have functional significance are conserved, including cysteine residues and predicted glycosylation sites in the external domain (35) . Despite the overall similarity, however, there exist clustered regions of marked divergence between the two proteins. Perhaps most relevant are clustered amino acid substitutions within the N-terminal 85 amino acids of the mature protein and a second region including amino acids 451 to 495. Interestingly, the N-terminal divergence comprises lysine-rich domains that could interact with acidic glycosaminoglycans, and it is known that isolated gB can interact with heparin (16, 17) . These differences in the structures of gB-1 and gB-2 may alter the ability to adsorb to sulfated polyanions such as DS or to recognize a second receptor. Differences in gB-1 and gB-2 can also be inferred from studies showing that gC-deficient HSV-2 exhibits no loss in specific binding activity, specific infectivity, or rate of viral penetration (11) . This is very different from studies on gC-deficient HSV-1 which showed a serious impairment in virus adsorption. It may be that gC-1 and gB-2 predominate in their respective viruses to regulate the early interactions that lead to a productive infection.
It was also interesting to discover that gC-2 reduces DSmediated infection. In this instance, the presence of gC-2 may interfere with the binding of the virion to DS at the cell surface, or it may directly impede the interaction of gB-2 with DS. Our experiments using a gC Ϫ virus support the possibility that gC-2 is responsible for at least part of the unresponsiveness of the HSV-2 virion to DS stimulation. It is important to consider that the HSV-2 virion does show some level of DS stimulation in the absence of gC-2, thereby indicating that HSV-2 can engage the DS-mediated pathway. There is no evidence, however, that gB-2 mediates this process in HSV-2.
FIG. 5. Effect of soluble DS on herpes simplex virus infection. (A and B)
Fold stimulation of HSV plaque formation observed when sog9 cell monolayers were treated with DS prior to infection. sog9 cells grown in 6-well dishes were incubated at 37ЊC for 10 min with DS diluted in DMEM. The wells were then rinsed three times with PBS, and the viral inoculum was added. After a 1-h adsorption period at 37ЊC, the virus was removed and medium containing 0.1% It is well established that DS normally inhibits infection of cells by enveloped viruses. DS has been shown to prevent fusion of influenza virus with erythrocytes (21) and the formation of syncytia in human T-cell lymphotropic virus type 1-infected cells (18) . Infection by human cytomegalovirus (27) and Sendai virus is also inhibited by the polyanion (28) . It was therefore surprising that HSV-1 infection of sog9 cells was markedly enhanced by DS. Our data also indicate that this effect was mediated specifically by DS; soluble heparan sulfate and chondroitin sulfate neither enhanced nor inhibited HSV infection. This is interesting, because heparan sulfate is a natural cell surface receptor for the virus. Several cell types, including macrophages and endothelial cells, express scavenger receptors capable of binding various polyanionic ligands (19, 20) . In particular, scavenger receptors present on the surface of murine macrophages have broad ligand binding specificity and can bind DS and fucoidan but not heparin or chondroitin sulfate. Although the ligands for these receptors are all polyanions, not all polyanions can function as ligands. It is possible, therefore, that sog9 cells possess a receptor with a binding specificity similar to that of macrophage scavenger receptors, and this may account for our observations that cells pretreated with DS retain enhanced susceptibility to HSV-1 even after the soluble DS is removed. It may be the case that the effects of DS are simply not detectable in cells that display heparan sulfate on the cell surface. Additional experiments will be needed to test this hypothesis directly.
We have likely uncovered type-specific interactions in cell culture because sog9 cells are devoid of glycosaminoglycans. This in effect reduces the adsorption of HSV to the cell surface in a manner that allows for a more sensitive readout of the virus-host interactions that ensue during the infection process. The striking differences in the behavior of HSV-1 and HSV-2 in this system are most likely defined by differences in the propensity of principally gB to interact with sulfated polyanions, as well as perhaps additional cell surface receptors. The significance of this study is that DS stimulates HSV-1 infection of sog9 cells, thereby acting as a trans receptor to initiate a productive infection. By contrast with previous experiments in which HSV-1 and HSV-2 were differentiated by their susceptibility to inhibitors, we have identified an interaction that promotes infection. We think this distinction is significant; whereas inhibition of infection could be caused by relatively nonspecific blocking, stimulation of infection requires that specific host-virus interactions be maintained. It will be interesting to take advantage of the differences in susceptibility conferred by DS to identify and characterize the domains of gB that mediate this effect. These domains are likely to be important in conferring type-specific properties on the respective virions. It may be that differences in several stages of adsorption and entry, such as those found for the interaction with heparan sulfate, and those described herein, result in the profound differences in the epidemiology of these two viruses.
